Analysis of the molecular basis of neuronal migration in the mammalian CNS relies critically on the discovery and identification of genetic mutations that affect this process. Here, we report the detailed cerebellar phenotype caused by a new autosomal recessive neurological mouse mutation, scrambler (gene symbol scm). The scrambler mutation results in ataxic mice that exhibit several neuroanatomic defects reminiscent of reeler. The most obvious of these lies in the cerebellum, which is small and lacks foliation. Granule cells, although normally placed in an internal granule cell layer, are greatly reduced in number (ϳ20% of normal). Purkinje cells are also reduced in number, and the majority are located ectopically in deep cerebellar masses. There is a small population of Purkinje cells (ϳ5% of the total) that occupy a Purkinje cell layer between the molecular and granule cell layers. Despite this apparent disorganization of Purkinje cells, zebrin-positive and zebrin-negative parasagittal zones can be delineated. The ectopic masses of Purkinje cells are bordered by the extracellular matrix protein tenascin and by processes containing glial fibrillary acidic protein. Antibodies specific for these proteins also identify a novel midline raphe structure in both scrambler and reeler cerebellum that is not present in wild-type mice. Thus, in many respects, the scrambler cerebellum is identical to that of reeler. However, the scrambler locus has been mapped to a site distinct from that of reelin (Reln), the gene responsible for the reeler defect. Here we find that there are normal levels of Reln mRNA in scrambler brain and that reelin protein is secreted normally by scrambler cerebellar cells. These findings imply that the scrambler gene product may function in a molecular pathway critical for neuronal migration that is tightly linked to, but downstream of, reelin.
Analysis of the molecular basis of neuronal migration in the mammalian CNS relies critically on the discovery and identification of genetic mutations that affect this process. Here, we report the detailed cerebellar phenotype caused by a new autosomal recessive neurological mouse mutation, scrambler (gene symbol scm). The scrambler mutation results in ataxic mice that exhibit several neuroanatomic defects reminiscent of reeler. The most obvious of these lies in the cerebellum, which is small and lacks foliation. Granule cells, although normally placed in an internal granule cell layer, are greatly reduced in number (ϳ20% of normal). Purkinje cells are also reduced in number, and the majority are located ectopically in deep cerebellar masses. There is a small population of Purkinje cells (ϳ5% of the total) that occupy a Purkinje cell layer between the molecular and granule cell layers. Despite this apparent disorganization of Purkinje cells, zebrin-positive and zebrin-negative parasagittal zones can be delineated. The ectopic masses of Purkinje cells are bordered by the extracellular matrix protein tenascin and by processes containing glial fibrillary acidic protein. Antibodies specific for these proteins also identify a novel midline raphe structure in both scrambler and reeler cerebellum that is not present in wild-type mice. Thus, in many respects, the scrambler cerebellum is identical to that of reeler. However, the scrambler locus has been mapped to a site distinct from that of reelin (Reln), the gene responsible for the reeler defect. Here we find that there are normal levels of Reln mRNA in scrambler brain and that reelin protein is secreted normally by scrambler cerebellar cells. These findings imply that the scrambler gene product may function in a molecular pathway critical for neuronal migration that is tightly linked to, but downstream of, reelin.
Key words: scrambler; reeler; Purkinje cell; cerebellar granule cell; neuronal ectopia; neuronal migration; cerebellar mutants; reelin; disabled During development, the nervous system is assembled by an orchestrated series of cell migrations. The isolation and characterization of neurodevelopmental mutations in the mouse have provided keys to understanding the complex molecular events involved in establishing brain structure and f unction. Several specific gene mutations have been identified that perturb neuronal migration in mice and humans (Franco et al., 1991; Legouis et al., 1991; Hattori et al., 1994; D'Arcangelo et al., 1995; Reiner et al., 1995) . Among these, reeler stands apart as an archetypal mutation associated with profound disturbances of laminar structures throughout the brain (C aviness, 1977; Goffinet, 1984) . In the cerebral cortex, the so-called inside-out migratory pattern appears to be inverted (C aviness et al., 1981; C aviness, 1982; Hoffarth et al., 1995) . The most dramatic effects of the reeler mutation are seen in the cerebellum, which is severely reduced in size and lacks obvious foliation (Mariani et al., 1977; Goffinet, 1983 Goffinet, , 1984 . Purkinje cells remain in ectopic masses deep to the granule cell layer, and although granule cells are positioned normally, they are markedly reduced in number.
The reeler gene (Reln) and its product (reelin) have been identified recently (D'Arcangelo et al. 1995) . Reelin is a large secreted protein made by the first born neurons in neocortex (the Cajal-Retzius cells; D' Arcangelo et al. 1995; Hirotsune et al., 1995; Ogawa et al., 1995) and cerebellum (deep nuclear neurons; Miyata et al., 1996) . The identification of Reln offers the exciting possibility of understanding the molecular underpinnings of neuronal migration in widespread regions of the brain.
Here we present an analysis of a new autosomal recessive mutation in the mouse, scrambler (gene symbol scm) that has defects in neuronal positioning similar to those described in reeler. Neuroanatomic analyses coupled with immunocytochemical studies indicate that the scrambler cerebellum is remarkably similar to that of reeler. However, Reln mRNA is present at normal levels in scrambler brain, and reelin is secreted normally from scrambler cerebellar cells. Thus, because reelin appears to be normal in scrambler mice, the close parallels in the phenotypes suggest that scm may represent a component of a signal transduction pathway that lies downstream of reelin in the control of neuronal migration.
MATERIALS AND METHODS
Mice. The scrambler mutation arose on the dancer (DC / Le) strain of mice, and mutants were outcrossed once to the C3HeB/ FeJLe strain. The stock is maintained by sibling matings . Our colony at the University of Tennessee was obtained from the Jackson Laboratory. Homozygous mutants are ataxic; their walk is straight but it is marked by a front-to-back jerkiness that is often interrupted by rearing onto their hindquarters. Homozygous females are fertile, but they must be held with their parents past the normal weaning age of 3 weeks to survive to breed. Homozygous males have not been reproductively successf ul and appear infertile. The colony is maintained by mating heterozygous males to either homozygous or heterozygous female mutants. Mice are kept on a 14/10 hr day/night cycle with food and water ad libitum. For comparative analysis, reeler mice (the Edinburgh mutation maintained at The Jackson Laboratory on the C57BL /6J ϫ C3HeB/ FeJLe-a /a strain background) and littermate controls were used. These animals were purchased from The Jackson Laboratory and maintained in our facility as a breeding colony. All mice were treated in accordance with Society for Neuroscience policy on the use of animals in research.
T issue preparation. Mature (age 30 -180 d) or young mice (postnatal age 5-7 d) were deeply anesthetized with Avertin before transcardial perf usion with fixative. Adult mutant and control mice were perf used first with a 0.1 M PBS solution, pH 7.2, followed by a 3:1 95% ethanol / acetic acid solution. Whole heads were post-fixed in the 95% ethanol / acetic acid solution overnight. Brains were removed, rinsed, and stored in 70% ethanol and processed for paraffin embedding.
Postnatal day 5-7 (P5-P7) scrambler mutants and normal littermates were deeply anesthetized and transcardially perf used with a 4% paraformaldehyde fix (in 0.1 M PBS). C erebella were removed and cut with a vibratome into 40 m sections through the coronal plane. Some cerebella were flattened tangentially overnight between glass coverslips before sectioning in the parasagittal plane.
Birth-dating anal ysis. Young pups and timed-pregnant females received one injection of bromodeoxyuridine (BrdU; 50 g /gm; Sigma, St. L ouis, MO) at either postnatal day 0, 5, 11, 15, or 21 or embryonic day 10. 5, 11.5, 12.5, 13.5, or 16.5 [with midnight of vaginal plug considered embryonic day 0 (E0)]. Mice received intraperitoneal injections of mitotic label and were killed when at least 30 d of age. The BrdU-labeling method has been described previously (Hamre and Goldowitz, 1996) . Tissue for BrdU was paraffin-sectioned and processed for immunocytochemistry using the mouse monoclonal antibody to the BrdU (Becton Dickinson, San Jose, CA), followed by detection with anti-mouse secondary antibody and diaminobenzidine detection. C ells that incorporated BrdU exhibited a dense brown reaction product in the nucleus.
Immunoc ytochemistr y. Antibodies to the following antigens were used to assess phenotypic characteristics of the scrambler cerebellum. Anticalbindin D-28K (a gift from M. C elio, University of Fribourg, Fribourg, Germany; used at a dilution of 1:1,000) was used to stain Purkinje cells; anti-zebrin II antibody (a gift from Richard Hawkes, University of C algary, C algary, Alberta, C anada; used at a dilution of 1:50) was used for staining Purkinje cells in parasagittal bands; anti-glial fibrillary acidic protein (GFAP) staining was used to mark glia (used at a dilution of 1:25; Immunon, Pittsburgh, PA); and anti-tenascin staining was used to highlight the extracellular matrix (a polyclonal antibody raised against the tenascin f usion protein; a gift from M. Schachner, ETH, Zurich, Switzerland; used at a dilution of 1:500).
Sections of adult brain were stained at room temperature overnight with antibodies to calbindin and zebrin and then rinsed the following day before application of secondary biotinylated antibody. Immunopositive cells were detected with diaminobenzidine as the chromogen (ABC Elite kit; Vector Laboratories, Burlingame, CA) or via a fluoresceinated secondary antibody. Flattened tangential sections were processed for immunocytochemistry with anti-GFAP, anti-tenascin, and anti-calbindin (1:1,000, Sigma) antibodies.
Morpholog ical anal yses. The cerebella from adult scrambler (scm/scm), reeler (Reln rl /Reln rl ), and phenotypically normal cerebella (ϩ/ϩ or ϩ/scm derived from homozygous scrambler females) were reconstructed in the sagittal and coronal planes from every 20th or 40th 6 m section through the cerebellum with the aid of the three-dimensional reconstruction program of the Neurolucida imaging system. The total volume as well as rostral -caudal and dorsal -ventral extents of the cerebellum were ascertained. Z ebrin-positive and zebrin-negative bands of Purkinje cells were also reconstructed from every 40th section using this software.
Purkinje cells were counted in anti-calbindin-stained material from scrambler, reeler, and control brains. All calbindin-positive cells with a distinct, unstained nucleus were counted in every 20th or 40th 6 m section throughout one-half of the cerebellum. In mutant brains the number of normally positioned Purkinje cells, relative to the total number of ectopically placed Purkinje cells, was determined. Total numbers of Purkinje cells were determined using the method of Abercrombie (1946) , correcting for split nuclei. The Purkinje cell nucleus in a random sample of 20 -50 cells averaged 8.5 m in scrambler, reeler, and control brains. Granule cells were counted in single midline sections. The average density of granule cells was estimated from sampling six random 10,000 m 2 regions in the granule cell layer. The average density was multiplied by the total granule cell area to arrive at an estimate of total granule cells per cerebellar section.
Northern anal ysis. Whole brains were dissected from postnatal day 12-14 mice homozygous for the scrambler and reeler mutations as well as from normal littermates. Total RNA was isolated using the rapid RNA isolation kit (5 Prime 3 3 Prime, Inc., Boulder, C O). Samples (10 g / lane) were electrophoresed through a 1% formaldehyde -agarose gel and transferred onto a nylon membrane (Hybond; Amersham, Arlington Heights, IL). The reelin RNA was detected using a [
32 P]uridine triphosphate-labeled riboprobe corresponding to nucleotides 2425-3348 of the cDNA sequence deposited in GenBank (accession number U24703). The riboprobe was synthesized using a commercial kit (Promega, Madison, W I). Hybridization was performed at 68°C in standard hybridization buffer containing 50% formamide. Signal was visualized by exposing the gel to Kodak (Rochester, N Y) MS x-ray film. Ethidium bromide staining was used to confirm that similar amounts of RNA were loaded in each lane.
Immunoprecipitation. The cerebellum was removed by dissection from postnatal day 6 homozygous scrambler and normal littermate mice, chopped finely with a razor blade, and triturated with a pipette. C ells were resuspended in basal Eagle's medium supplemented as described previously (Fischer, 1982) with 5% horse serum (HyC lone, L ogan, UT) and plated in tissue culture dishes that had been precoated with 20 g /ml poly-L-lysine. Cultures were switched to serum-free medium 1 d after plating, and incubation was continued for an additional day. Neurite outgrowth during this period was indicative of healthy cultures.
Proteins expressed by cerebellar cells in culture were labeled overnight with a 300 Ci/ml mixture containing [ S]cysteine (New England Nuclear, Boston, MA) in basal Eagle's media depleted of methionine (Cellgro) and supplemented as described previously (Fischer, 1982) . For immunoprecipitation analysis, the culture medium was precleared by centrifugation at 1500 rpm in a refrigerated Eppendorf microfuge for 10 min. The supernatant was then collected and diluted 1:1 with 2ϫ radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH 8, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS).
The anti-reelin monoclonal antibody CR-50 (Ogawa et al., 1995; D'Arcangelo et al., 1997) was added (2 l of ascites fluid in 300 l samples) and incubated at 4°C for 3 hr. Immobilized protein G-agarose beads (Immunopure plus; Pierce, Rockford, IL) were added to precipitate the antibodies, and the samples were incubated for an additional 30 min. Immunoprecipitates were collected by centrif ugation and washed three times with RI PA buffer. Samples were resuspended in 20 l of SDS sample buffer, boiled, and loaded onto SDS-polyacrylamide gels (4 -12% gradient gels; Novex, San Diego, CA). Signal was visualized by exposing the gel to Kodak MS x-ray film.
RESULTS

General appearance of scrambler
The scm/scm mouse has a relatively mild ataxia under normal home cage conditions, and it exhibits truncal swaying with a slightly jerky forward movement during locomotion. Mutant mice commonly interrupt forward progression and pause with weight on their hindquarters. Heterozygous mice appear completely normal.
The scm/scm brain is smaller than that of normal mice primarily as a consequence of a smaller cerebral cortex and a much reduced cerebellum. The most prominent cytoarchitectonic abnormalities in the scrambler brain are the delaminated hippocampal formation and the reduced numbers and ectopia of granule cells and Purkinje cells in the cerebellum (Fig. 1 B,D) . These defects are similar to those seen in the brain of reeler mice (Fig.  1C ,E) and are not seen in the brain of heterozygous scrambler mice ( Fig. 1 A) . The alterations in the scrambler cerebral cortex will be discussed in a subsequent manuscript (González et al., 1997) . To a first approximation, in all of the above respects, the scrambler brain appears to be phenotypically equivalent to reeler ( Fig. 1 D, 
E).
Qualitative features of the scrambler cerebellum
The characteristic foliation of the cerebellum is missing in scrambler, and the cerebellar structure is greatly reduced in size ( Fig.  1 B,D) . The scrambler cerebellum has a fissure in the posterior vermis as well as a notch in the granular layer that likely represents the "vestigial" primary fissure described in the reeler cerebellum (Mariani et al., 1977) (Fig. 1 D,E) . The granule cell population is positioned in an internal granule cell layer that lies below a thin, relatively cell-free, molecular layer and a poorly populated Purkinje cell layer. Scrambler granule cells are greatly reduced in number. Immunocytochemical analysis using antibodies specific for calbindin reveals that the vast majority of Purkinje cells are found in several distinct clusters deep to the granule cell layer (Fig. 2 A,B ; compare with the wild-type placement of Purkinje cells in Fig. 2 E,F ) . In coronal sections of the anterior cerebellum, Purkinje cells are primarily detected in several deep clusters aligned in the mediolateral dimension. At midposterior levels of the cerebellum there is a large mass of Purkinje cells that straddles the midline as well as two to three clusters that are placed laterally (Fig. 2 B) . In the most caudal aspect of the cerebellum, Purkinje cell clusters are less pronounced, and the granule cell layer is more prominent (data not shown). Another cluster of Purkinje cells is located just below the granule cell layer about midway along the mediolateral dimension (Fig. 2 A) . Cerebellar nuclear cells are located ventral to and between the ectopic clusters of Purkinje cells in three distinct clusters that appear to be similar to the middle, interposed, and lateral nuclei in the normal cerebellum (Fig. 2 B) . These features of the scrambler cerebellum are very similar to those of reeler . The only substantive difference between the two mutants is the placement of Purkinje cells in the region of the floccular lobe. In scrambler mice, Purkinje cells are largely placed ectopically, whereas in reeler mice there are many normally placed Purkinje cells with appropriately oriented dendritic trees (Fig. 2C,D) .
Despite the grossly abnormal disposition of Purkinje cells in the reeler cerebellum, Purkinje cells are distributed in zebrinpositive and zebrin-negative parasagittal aligned zones (Edwards et al., 1994) . To explore the parasagittal organization of scrambler Purkinje cells, coronal sections of scm/scm cerebella were stained with an anti-zebrin II antibody. Zones of zebrin-positive and zebrin-negative Purkinje cells extended as strips from the sparsely populated Purkinje cell layer down through the deep Purkinje cell masses (Fig. 3A) . In scrambler, as reeler, the anterior cerebellum is partitioned into a number of zebrin-positive and zebrin-negative bands. As is the reeler cerebellum, the more posterior scrambler cerebellum is composed of broader bands that are mostly zebrin-positive (Fig. 3B) . To compare the zebrin banding pattern in the scrambler cerebellum with that of reeler, a reconstruction of every 40th section from two scm/scm and one Reln rl /Reln rl cerebellum was prepared. The basic similarities of parasagittal zebrin-positive bands of Purkinje cells between the scrambler and reeler mutant cerebella are apparent (Fig. 3C) . In postnatal day 6 scrambler cerebellum, the ectopic masses of Purkinje cells are bordered by regions of intense tenascin and GFAP immunoreactivity (Fig. 4 A,B) . This same disposition of matrix and glial components is found in the reeler cerebellum (Fig. 4C) . The normal cerebellum also displays GFAP and tenascin labeling, but these markers are most intense in the white matter and molecular layers, and they do not show an obvious relationship to Purkinje cells (data not shown). In coronal sec- tions midway through the scrambler cerebellum, the bilateral paired masses of Purkinje cells are separated by a striking GFAP and tenascin immunoreactive midline raphe (Fig. 4 B) . This immunopositive raphe is also present in reeler mutant cerebella (Fig. 4C ), but we have not observed such a midline structure in the normal cerebellum.
Quantitative features of the scrambler cerebellum
Although the medial to lateral extent of the scm/scm cerebellum is near normal, the total volume is reduced by Ͼ50% compared with ϩ/scm mice (4.4 ϫ 10 9 m 3 for the scm/scm half cerebellum compared with 9.6 ϫ 10 9 m 3 for the ϩ/scm half cerebellum). This difference reflects a squat, unfoliated cerebellar cortex in the A, Double immunofluorescence of flattened tangential sections reveals islands of rhodamine-labeled, calbindinpositive Purkinje cells (P, rather dim in this black and white image) separated by areas of intense fluorescein tenascin labeling (arrowheads delineate border between Purkinje cells and tenascin boundary). B, Double immunofluorescence of a coronal section reveals a midline GFAP-positive glial raphe (rhodamine label with dimmer appearance, arrow) between two calbindin-positive Purkinje cell masses (P, brightappearing fluorescein label). C, GFAP-positive immunofluorescence at the midline in the reeler cerebellum (arrow). Asterisks mark the pial surface. Scale bar, 100 m.
The Purkinje cell population was determined for the scrambler cerebellum in a manner similar to that previously used for reeler (Heckroth et al., 1989) . Estimates of Purkinje cell number were made for half cerebella from four scm/scm mice (two sectioned in the sagittal plane and two sectioned in the coronal plane). An estimate of the total number of control Purkinje cells is about 92,000 as determined from a single ϩ/scm half cerebellum. Similar numbers of Purkinje cells have been reported in several inbred strains of mouse (84,000 -94,000; Wetts and Herrup, 1983) . The total number of Purkinje cells in scrambler was estimated to be 81,200 Ϯ 2700. The population of normally placed Purkinje cells averaged 4200 Ϯ 300, or ϳ5% of the total population. This percentage of normally positioned Purkinje cells is similar to that previously determined for reeler, although the total number of Purkinje cells in scrambler was higher than that reported in the reeler cerebellum (Heckroth et al., 1989) . To determine whether technical differences, such as the use of different antibodies [calbindin in this study versus cGM P-dependent protein kinase in a study by Heckroth et al. (1989) ], could account for our estimates in scrambler compared with the reported counts in reeler, two of the above scrambler brains were prepared in parallel with two reeler brains and stained with the anti-calbindin antibody. Our estimate of reeler Purkinje cell number was 71,800 Ϯ 1200 (n ϭ 2) (Table 1) , not as different from scrambler as suggested by the quantitative studies of Heckroth et al. (1989; ϳ41 ,000 per half cerebellum) but still less than the number of scrambler Purkinje cells. It is possible that the differences observed in our analysis between scrambler and reeler Purkinje cell numbers are attributable to documented differences in total number of Purkinje cells between inbred strains of mice (Wetts and Herrup, 1983) .
Birth dating Purkinje and granule cells in the scrambler cerebellum
To compare the birth date and final address of Purkinje and granule cells in adult scrambler and control mice, we injected the DNA analog BrdU at embryonic ages 10.5-16.5 and postnatal ages 0 -21 d. In the cerebral cortex there are well defined abnormalities in the placement of neurons based on their birth date in both reeler and scrambler mice (C aviness and Sidman, 1973; Caviness, 1982; González et al., 1997) . This issue is more ambiguous in the cerebellum, because the granule cells show normal migratory paths, and only Purkinje cells display aberrations in migration.
Our analysis indicates that both Purkinje and granule cells are born during the normal period of neurogenesis in the scrambler cerebellum. Purkinje cells are labeled during E11-E13 but not at E10.5 or E16.5. Normally positioned Purkinje cells in the scrambler cerebellum are also born during this period (Fig. 5A) . Many strongly BrdU-positive granule cells are found after BrdU injections at P5-P15, but very few are identified at P0 or P21 (Fig. 5B) . Finally, birth-dated cohorts of mutant Purkinje and granule cells have a general spatial distribution similar to those of neurons born at the same time in the wild-type cerebellum (Fig. 5) .
Expression of reelin in the scrambler cerebellum
To investigate whether scrambler mice express Reln mRNA, we examined total brain RNA from postnatal day 12-14 normal and homozygous mutant scrambler and reeler pups by Northern hybridization analysis. Hybridization with a Reln cDNA probe reveals a single transcript of ϳ12 kb that is present in equal quantities in normal and scrambler mice but that is absent in reeler mice (Fig. 6 A) . These results are consistent with the previous report that reelin expression is abolished in reeler mice of the Edinburgh strain (D'Arcangelo et al., 1995) . Furthermore, the results demonstrate that reelin mRNA expression in the brain of homozygous scrambler mice is not affected by this mutation.
To determine whether reelin protein is produced by homozygous scrambler cells, we prepared cerebellar primary cultures from postnatal day 6 normal and homozygous scrambler pups. The cultures were labeled overnight with a mixture of [
35 S]methionine and [
35 S]cysteine as described in Materials and Methods. When the culture medium is subjected to immunoprecipitation with the anti-reelin monoclonal antibody CR-50 (Ogawa et al., 1995; D'Arcangelo et al., 1997) , a major protein of ϳ400 kDa is present in samples from normal cerebellum (Fig. 6 B) . This protein corresponds to a secreted, glycosylated form of full-length reelin . In addition, we find that a similar reelin band is observed in the sample obtained from scrambler mice (Fig. 6 B) . These data indicate that scrambler cerebellar cells synthesize and secrete full-length reelin, which is indistinguishable from the protein produced by normal mice.
DISCUSSION
Mutant phenotypes in scrambler and reeler
Here we demonstrate that the anatomical structure of the cerebellum in the scrambler mutant mouse is essentially identical to that of reeler. Similarly, the aberrant lamination and perturbed inside-out development of the scrambler cortex are identical to those in reeler (González et al., 1997) . The hippocampal formation is also strikingly similar, including a multilayering of pyramidal cells in the hippocampus and unorganized granule cells in the dentate gyrus (D. Goldowitz, unpublished observations). However, in view of the fact that we find normal levels of reelin mRNA and protein in scrambler, these data imply that scm codes for a distinct gene that is critically involved in neuronal migration in a manner similar to Reln.
The most remarkable alteration in the scrambler mutant brain is the diminutive and unfoliated cerebellum that is a consequence of a large decrease in the granule cell population and a failure of the majority of Purkinje cells to complete migration. This cerebellar phenotype is a very close approximation of the situation in the reeler mouse. The similarities between scrambler and reeler cerebella include qualitative features, such as the lack of foliation, the cell-free notch at the presumed site of the primary fissure, the normally placed but greatly reduced number of granule cells, the disposition of cerebellar nuclear neruons, the ectopic location of Purkinje cells and their parasagittal parceling by zebrin II immunohistochemistry, and quantitative features, such as the reduction in Purkinje cell number and the relatively constant percentage of normally placed Purkinje cells. Included in this list of similarities is the identification of a novel anatomic structure in both reeler shows the labeled cells at higher magnification, arrows). In other sections, labeled Purkinje cells were found clustered in the anterior cerebellum. This preferential placement of Purkinje cells labeled at E12.5 in scrambler is similar to that seen in the wild-type cerebellum after tritiated thymidine injections at E12-E13 (Inouye and Murakami, 1980) . B, Adult scrambler cerebellum processed for BrdU immunostaining after a postnatal day 11.5 injection of BrdU. Labeled granule cells are present throughout the internal granule cell layer. Right inset, Underlined region at higher magnification. Arrows point to some of the many labeled granule cells. Left inset, BrdU-processed and cresyl violet-counterstained cerebellum of a ϩ/scm littermate with labeled granule cells similarly dispersed throughout the granule cell layer (arrows). Magnification: A, B, 60ϫ; insets, 180ϫ.
and scrambler that is missing in normal brain: a midline glial raphe positioned between the left and right halves of the cerebellum. The only variations found between scrambler and reeler cerebella are differences in Purkinje cell number and alterations in Purkinje cell placement in the floccular lobe. These discrepancies are rather minor, and they could well be attributable to strain background effects as opposed to more direct effects of the scm and /or Reln genes. In either case, the scrambler cerebellum is a high-fidelity copy of the reeler cerebellum.
Scrambler cerebellum and neurodevelopment
Our phenotypic analysis of the scrambler cerebellum raises interesting issues concerning mechanisms of cerebellar development. Previous studies of glia and extracellular matrix (ECM) molecules during development have shown that these elements are highly concentrated in boundaries around different functional units (including whisker barrels, striosomes, subcortical nuclei; for review, see Steindler et al., 1989) . These developmental boundaries also have been described around the Purkinje cell central cerebellar mass of the developing reeler mouse cerebellum, best seen using immunocytochemistry for tenascin . In the present study, immunocytochemistry for tenascin reveals identical patterns of tenascin-rich boundaries around clusters of Purkinje cells in scrambler. These astroglial, tenascin-rich areas are interpreted to be structures rich in boundary molecules that may be involved in morphogenetic functions distinct from those occurring in ECM-poor areas (e.g., the Purkinje cell clusters). This unusual placement of EC M may be a consequence of abnormal development in reeler and scrambler or part of the causal set of circumstances that underlie the neuronal ectopia seen in the mutant cerebellum. It is possible that the absence of f unctional reelin, or its downstream partners, leads to defective signaling attributable to inappropriate matrix-neuronal-glial interactions and ectopia of Purkinje cells.
We also see another distinct pattern of boundary labeling in the developing scrambler and reeler cerebellum that arises in the midline, as revealed with immunocytochemistry for the astrocyte intermediate filament protein GFAP. A GFAP-positive, glial midline septum has been described in the developing and adult caudal brain stem (Van Hartesveldt et al., 1986; Mori et al., 1990) and along midline boundaries in the developing roof plate of the spinal cord and optic tectum (Snow et al., 1990) . The alar plates of the embryonic metencepthalon start to fuse at the midline early in cerebellar morphogenesis, and the glial septum observed in the scrambler and reeler cerebellum appears to be a permanent vestige of normal cerebellar midline development. This suggests that development may be arrested in reeler and scrambler mice. The midline glial raphe may be a dorsal continuance of the aforementioned brainstem glial raphe structures, because there are reports of persistent GFAP-positive "strong midline raphe" in the cerebellum of the turtle (Kalman et al., 1994) . Thus, in addition to a midline glial raphe distinguishing the cerebellum of both scrambler and reeler, it may also be a key element in cerebellar development and function in a variety of species. Although granule cell migration is normal in scrambler and reeler mice, the end result is a greatly diminished population of cells in the internal granule layer. This implies that the circumferential and radial migration of granule cells does not require reelin or the scm gene product. However, the mutations clearly result in a large depletion of granule cells. Mallet et al. (1976) suggested that Purkinje cells provide a trophic influence that supports granule neuroblast proliferation. This can also be inferred from studies in which there is an upregulated production of granule cells in response to granule cell loss in the proliferative zone of the external granule layer (Altman et al., 1969; Hamre and Goldowitz, 1997 cells are ablated experimentally (Smeyne et al., 1995) . Thus, it is possible that the scm and Reln genes either stimulate trophic factor release directly from Purkinje cells or that the ectopic position of these cells renders the signal inaccessible to granule cell neuroblasts. An alternative explanation is that Reln and scm themselves directly affect the proliferation and survival of granule cell neuroblasts.
Clues to the molecular identity of scrambler
Recently, two artificial mutations in the mouse that affect neuronal migration have been reported. Disruption of the neural specific gene Cdk5 and its partner P35 produce perturbations of neocortical architecture similar to those of reeler and scrambler (Ohshima et al., 1996; Chae et al., 1997) . However, neither of these mutants resemble reeler to the degree seen with scrambler. In the Cdk5 knock-out, the details of C NS abnormalities have not been well described, and the perinatal mortality associated with the defective gene hinders close comparisons. However, at birth, Cdk5 null mice exhibit abnormalities in neocortex, hippocampus, and cerebellum that resemble those of reeler and scrambler (Ohshima et al., 1996) . In the case of P35, gene disruption results in viable mice that have relatively normal hippocampal and cerebellar cytoarchitectonics but a cerebral cortex with migration abnormalities similar to that seen in reeler and scrambler (Chae et al., 1997) . The lack of obvious phenotypes in the cerebellar and hippocampal cortices of P35 null mice may be because other Cdk5 partners, such as P39, are expressed in these tissues and may substitute for its f unction (Chae et al., 1997) . It is possible that these genes also represent components of a molecular cascade that involves Reln and scm.
Previous studies of mouse mutations that exhibit similar phenotypes have identified genes that f unction as components of a common signal transduction pathway. For example, the murine mutants dominant spotting and steel, which have very similar defects in hematopoeisis, gametogenesis, and melanogenesis, were found to represent lesions in the c-kit tyrosine kinase receptor and its ligand, mast cell growth factor (for review, see Fleischman, 1993) . Similarly, artificial mutations, created by gene disruption, in receptor-ligand pairs can result in similar phenotypes when there is a singular relationship between receptor and ligand, as with the trk family of tyrosine protein kinase receptor and neurotrophin genes (Crowley et al., 1994; Ernfors et al., 1994; Klein et al., 1994; Smeyne et al., 1994) . Thus, it is tempting to speculate that there is a close biochemical relationship between the protein products of the Reln and scm genes. The fact that we find normal processing and secretion of reelin and normal levels of Reln mRNA in scrambler brain indicates that the scrambler gene acts downstream of reelin in a common signaling pathway that controls cell migration during neural development.
Reelin is secreted by the early born neurons in brain, such as the C ajal-Retzius cells of the neocortex (D'Arcangelo et al., 1995; Hirotsune et al., 1995 , Ogawa et al., 1995 . In the embryonic cerebellum, granule cell precursors and a population of nuclear neurons express reelin (D'Arcangelo et al., 1995; Miyata et al., 1996) . Because reelin is secreted into the extracellular matrix, it is thought to interact with a target that is either present in the matrix or associated with the cell surface. In the cerebellar cortex, the target cells of reelin are likely to be the Purkinje cells, because extracellular reelin is found to accumulate on Purkinje cell processes (Miyata et al., 1996) . Furthermore, the alignment of wildtype Purkinje cells in embryonic explant cultures can be disrupted by treatment with anti-reelin CR-50 antibody . Thus, it is possible that Purkinje cells remain clustered in the deep cerebellar cortex because they fail to receive a reelin signal that promotes dispersion and migration to the Purkinje cell plate. The neuroanatomic and experimental data suggest that reelin may directly activate signaling pathways present in Purkinje cells. The effects of reelin on Purkinje neurons could also be mediated indirectly by radial glia of the cerebellum (the so-called Bergmann glia or Golgi epithelial cells), because these cells are believed to be critical for neuronal migration. Recently, we identified the gene mutated in scrambler as mDab1, which is related to the Drosophila disabled (Dab) gene (Sheldon et al., 1997) . The protein product of mDab1 appears to function as an intracellular component of a tyrosine kinase cascade. mDab1 is expressed in the developing brain , and targeted disruption of mDab1 leads to a reeler/scrambler phenotype . mDab1 is expressed in Purkinje cells and in migrating neurons in the cortical plate (Sheldon et al., 1997) . The findings suggest that mDAb1 functions in the target cells of Reelin, and that it acts as a component of a signaling pathway stimulated by reelin.
